ABSTRACT: The giant vestimentiferan tubeworm Riftia pachyptila is one of the most abundant and ecologically important species at deep-sea hydrothermal vents along the East Pacific Rise (EPR). Clumps of R. pachyptila could indeed be viewed as one of the most frequent habitats for the fauna typifying the eastern Pacific hydrothermal vent sites and thus deserve specific attention, as their dynamics are likely to control the spatial and temporal evolution of numerous vent species. As a consequence, population structure and recruitment of R. pachyptila were studied from samples taken at different vent localities during 2 EPR surveys in 1996 and 1997. In 1996, 3 samples were collected within and between the hydrothermal vent fields 13°N and 9°50' N to assess the spatial coherence of recruitment. In 1997, a huge number of additional specimens were collected at 9°50' N from a single vent site at 3 successive dates over 22 d to determine how growth rate may affect the temporal variability of population structure at a small spatial scale. Size-frequency analyses were performed using the vestimentum width as a biometric index. Inter-site comparisons revealed that size-frequency distributions did not differ significantly within a vent field suggesting the synchronisation of recruitment locally (i.e. a few km). By contrast, population structure strongly differed between the 2 vent fields in response to local variations in time of larval supply and/or reproductive activity. The size-frequency histograms of the 3 samples collected in 1997 displayed a regular polymodal structure reflecting a discontinuous recruitment in time. The presence of a large number of small individuals attached to the tube of conspecific larger ones suggested that biological cues associated with Riftia may promote habitat selection by settlers. Differences between the modal vestimentum width of each population 'cohorts' from the 3 temporal samples were significant and could result from either a growth rate heterogeneity in response to local environmental variations or to population ageing. According to this 2nd assumption, growth rate was estimated from the evolution of the 5 'cohorts' found over 22 d. Our data suggested that R. pachyptila exhibits: (1) a high yearly tube growth rate (estimated to about 160 cm yr 
INTRODUCTION
The deep-sea hydrothermal vent fauna consists of dense benthic communities supported by high chemosynthetic primary productivity through endosymbiosis of a few key species. Its habitat is characterised by 3 important environmental attributes which govern communities composition, distribution and dynamics (Tunnicliffe 1991) : (1) the harsh physical and chemical conditions experienced by the vent fauna impose specific physiological adaptations to become sulphide specialists and thus lead to the high level of endemism already observed over the ridge systems (Jollivet 1996) ; (2) vent sites are patchily distributed over oceanic ridges with inter-site distances ranging from a few metres to 100s of metres within a given vent field, and inter-field distances ranging from 100s to 1000s of kilometres between disjunct segments of a ridge; and (3) the high temporal variability of hydrothermal activity due to tectonic events and heat convection through the oceanic crust induces a high site turnover that may vary in duration from years to decades on fast spreading ridges (Watremez & Kervevan 1990 , Lalou 1991 . Thus, vent fauna have to adapt to an ephemeral and unpredictable habitat, changes of which are responsible for a sequence of extinction and rapid colonisation.
Although the understanding of processes involved in the establishment and maintenance of benthic populations in such an environment has been recognised as a major goal of hydrothermal vent ecology (Tunnicliffe 1991) , life histories of vent organisms remain poorly documented due to the lack of long-term data (over yr) that arose from difficult access to deep-sea hydrothermal habitats (Tyler & Young 1999) . Larval dispersal has been inferred from (1) the larval development (e.g. Marsh et al. 2001) ; (2) the size of prodissoconch shells of mollusks adults (e.g. Lutz et al. 1984) ; (3) the larval physiology (e.g. Pond et al. 1997) ; (4) the spatial distribution of larvae in relation to hydrodynamic processes (e.g. Mullineaux et al. 1995 , Kim & Mullineaux 1998 ; and (5) indirect measurements of gene flow between distant sites (e.g. Black et al. 1994 . On the other hand, discrete benthic samples were used to determine reproductive traits of organisms and to characterise population structure. Population structures have been assessed through size-frequency analysis for polychaetes and bivalves, providing information on the recruitment patterns of hydrothermal species and mechanisms by which populations renew or are founded. Discontinuous recruitment has been reported for most species studied to date including the ampharetid polychaete Amphisamytha galapagensis (McHugh & Tunnicliffe 1994) , the alvinellid polychaetes Alvinella pompejana, A. caudata, Paralvinella grasslei and P. palmiformis (McHugh 1989 , Jollivet 1993 , Zal et al. 1995 , serpulid worms and the vestimentiferan Tevnia jerichonana (Jollivet 1993) , mytilid bivalves and polynoid commensals (Comtet & Desbruyères 1998 , Jollivet et al. 2000 . Conversely, McHugh (1989) hypothesised a continuous recruitment of the polychaete Paralvinella pandorae. Discontinuous recruitment may be related to the occurrence of reproductive cycles in marine invertebrates. For Paralvinella grasslei, Zal et al. (1995) hypothesised that tidal signal, which is clearly periodic in the hydrothermal ecosystem, is the most likely external factor coordinating the reproductive cycle of individuals within vent sites and fields. Conversely, Comtet & Desbruyères (1998) suggested that recruitment of mytilid bivalves on the Azorean triple junction may be synchronised between 2 vent fields separated by a distance of 60 km, and proposed that pelagic fluxes could trigger the emission of gametes and/or the settlement of larvae.
The giant vestimentiferan tube worm Riftia pachyptila Jones, 1981 (herafter called Riftia for convenience) has been reported from the Guaymas Basin (27°N) to the Galapagos Rift (0°50' N) in the vigorous diffusive flow zone of hydrothermal vents. As it is one of the most widespread, abundant and ecologically important species at vents of the east Pacific (Jollivet 1993 , Shank et al. 1998 , Shillito et al. 1999 , its life cycle is one of the most studied among vent species in recent years. Van Dover (1994) reported in situ observations of discontinuous bursts of gamete emission over Riftia thickets at 13°N/EPR. While Cary et al. (1989) hypothesised that fertilisation may take place within the female's vestimentum cavity, Gardiner & Jones (1985) observed individual spermatozoa close to mature oocytes in the female genital tract, raising the possibility of internal fertilisation. However, such fertilisation could occur just by chance, as huge amounts of sperm masses seem to fall down onto the tubes after emission in vestimentiferans (Southward & Coates 1989) . Whatever the fertilisation mode, larval development of vestimentiferans includes a free-living, nonfeeding trochophore larvae (Young et al. 1996 , Marsh et al. 2001 . From metabolic rates measurements, the average larval lifespan was estimated to be 38 d (Marsh et al. 2001) . These data and the characteristics of current flows suggested that eggs and embryos could be entrained in the neutrally buoyant plumes of active venting sites and subsequently dispersed over distances rarely exceeding 100 km. However, based on gene flow analysis, Black et al. (1994) indicated a high rate of dispersal for Riftia. From a temporal survey of the 13°N/EPR communities between 1984 , Jollivet (1993 suggested that the vestimentiferan Tevnia jerichonana is one of the first colonisers of the new vent sites and is subsequently replaced by R. pachyptila. From a long-term study of faunistic succession at newly formed vent sites of the 9°50' N/EPR, Shank et al. (1998) confirmed this hypothesis and highlighted that vestimentiferan tube worms have a very high rate of colonisation; pioneering colonies of Tevnia jerichonana were established within 11 mo and subsequently replaced by dense clumps of Riftia within 32 mo. While these authors put forward that the vestimentiferan succession was correlated to a temporal modification of geochemical conditions, Mullineaux et al. (2000) argued that the settlement of Riftia may be facilitated by the occurrence of Tevnia jerichonana. These previous studies on the Riftia life cycle raise different questions that are addressed in this study: (1) Is recruitment of Riftia discontinuous and if it is, is it periodic? (2) What are the spatial scales of coherence of the recruitment? (3) How can growth rate influence population dynamics?
To answer these questions, the aim of the present work was to examine the population structure of Riftia from samples collected both from different vent localities and different periods of time on the EPR in 1996 and 1997. The processes involved in the recruitment and population dynamics of the species are discussed. Particular attention was given to the influence of growth rate in shaping population structure at microspatial and temporal scales.
MATERIALS AND METHODS
Study area and sampling. As assessing population dynamics in a patchy environment requires an accurate reference to spatial scales, the terminology defined by Chevaldonné et al. (1997) Determination of a biometric index. The choice of a biometric index representative of the animal size was determined according to 3 criteria. The variable has to be (1) easily measurable; (2) unaffected by formalin fixation; and (3) related to the animal's growth. The 2nd criterion was defined in order to be applied either to fixed material used in ecological studies or to fresh material used in physiological studies.
Nine easily measurable body dimensions (i.e. total body length, plume length, vestimentum length, trunk length, opisthosome length, plume width, vestimentum width, trunk width, opisthosome width) were measured to the nearest 0.1 mm with a vernier caliper for widths and to the nearest 0.5 mm with a ruler for lengths from a subsample of 56 individuals collected in 1997 ( Fig. 1) . On each individual, measurements were carried out, first, just after recovery on board and, second, 6 mo after the fixation. Finally, individuals from our subsample were dried at 60°C to a constant weight and subsequently weighed to the nearest 0.1 mg to obtain worm dry weight (DW).
Size-frequency histograms and sex ratio. The vestimentum width was measured for a total of 188 fresh or 149 Fig. 1 . Riftia pachyptila. Biometric measurements carried out on Riftia pachyptila individuals. BL: total body length; PL: plume length; VL: vestimentum length; TL: trunk length; OL: opisthosome length; PW: plume width; VW: vestimentum width; TW: trunk width; OW: opisthosome width fixed individuals and 1608 fixed individuals in 1996 and 1997, respectively. To analyse the population structure, sizefrequency histograms were plotted using a 2 mm size-class interval for 1996 data and 0.5 mm for 1997 data. This interval was chosen according to 3 criteria: (1) most size classes must have at least 5 individuals; (2) the number of adjacent empty classes must be minimised; and (3) the interval has to be larger than the error on measurements. Size-frequency histograms were smoothed using a weighted moving average at the 3rd order to rule out spurious peaks (Frontier & Pichod-Viale 1991 , Zal et al. 1995 , Comtet & Desbruyères 1998 , Jollivet et al. 2000 . Modal decomposition of size-frequency histograms was performed using the NORMSEP program (Tomlinson 1971 ) adapted by Gros & Cochard (1978) , assuming a Gaussian distribution of vestimentum width within each cohort. The program discriminates overlapping Gaussian components using the method of Bhattacharya (1967) and calculates the principal parameters of each component (i.e. average, standard deviation and frequency) according to Hasselblad's method (1966) . Individuals were sexed according to the presence of ciliated ridges associated with the paired genital apertures of males which are present at the posterior third of the dorsal surface of vestimentum (Jones 1981) . Only individuals with a vestimentum width ≥ 5 mm were considered. The sex ratios of samples were compared to the expected 1:1 male:female sex ratio using a χ 2 goodness of fit test (Sokal & Rohlf 1981) .
RESULTS

The biometric index
Linear regressions calculated between fresh and fixed measurements allow us to detect formalin-shrinkage effects as soon as the slope and the intercept of regressions differ significantly from 1 and 0, respectively (Table 1) . From these analyses, only 4 body measurements were left unchanged by the formalin fixation and could be used as a biometric index: plume length, plume width, vestimentum width and opisthosome width.
Calculations of allometric equations showed that the best fit was obtained for correlations between the plume length or the vestimentum width and the worm DW (Fig. 2) . As body extremities may be partly damaged during sampling or by predation, the vestimentum width was retained as biometric index for the present study.
Data from the HOT'96 survey
Vestimentum width ranged from 0.58 mm for smallest individuals to 31.80 mm for largest ones (Table 2 ). Due to the small size of samples, no modal decomposition of the size-frequency histograms was performed. However, size-frequency distributions were compared to a normal distribution using a Kolmogorov-Smirnov 1-sample test Fig. 3 ). By contrast, samples from the Genesis and Parigo sites exhibited a greater size range. Samples were mainly subdivided into 2 size groups of small individuals (vestimentum width < 5 mm) and large individuals (vestimentum width >15 mm) (Fig. 3) . The sizefrequency distributions did not differ significantly between the Genesis and Parigo sites (KolmogorovSmirnov 2-samples test, p > 0.05).
Data from the EPR'97 survey
For the 3 samples of Riftia collected from the Riftia Field vent site, the vestimentum width ranged from 0.29 to 21.67 mm ( Table 2 ). All the size-frequency distributions significantly differed from the normal distribution (Kolmogorov-Smirnov 1-sample test, p < 0.05) and displayed a regular polymodal structure (Fig. 4) . Size-frequency histograms are all log-normal shaped suggesting that a high mortality rate is likely to occur amongst small individuals. Comparisons between the 3 samples also indicated significant differences in their size-frequency distributions (Kolmogorov-Smirnov 2-samples test, p < 0.05). The modal decomposition of the size-frequency distributions indicates the occurrence of 6 Gaussian components for the sample from 7 December and 7 components for the samples from 27 November and 19 December. The characteristics of each component are given in = mean of each modal component determined using the NORMSEP software. 'Attached' and 'Unattached' refer to individuals fixed on a Riftia tube or to the basaltic substrate, respectively detached from a tube during the sampling process. Although sampling bias could not be quantified, attached individuals were abundant (i.e. 40.8 to 54.4% of collected individuals within each sample adhered to another tube). Moreover, size-frequency distributions showed that all the smallest individuals were attached (Fig. 4) . The chance of being attached decreased as the worm size increased. Thus, no attached individual was observed for a vestimentum width >14.5 mm. The sex ratios showed significant deviations from a 1:1 male:female ratio for samples from 27 November and 7 December, and no deviation for the sample from 19 December (Table 4 ). This deviation was found to vary in favour of females in the 1st sample and in favour of males in the 2nd one. After pooling the 3 samples, no significant difference was detected.
DISCUSSION
Dispersal is one of the most fundamental issues regarding processes involved in the maintenance of vent-endemic species populations and the colonisation of new vent habitat. For Riftia, dispersal ability inferred from population genetics analyses or from larval development and current knowledge about the ridge hydrodynamics is still debatable. Using allozyme data, Black et al. (1994) suggested that larval exchanges are maximal between neighbouring populations, and long-distance dispersal between adjacent Marsh et al. (2001) to argue that along-ridge dispersal is restricted to 10s of km and rarely exceeds 100 km. However, these studies do not refer to the same temporal scales: while results from the former integrate 1000s of generations and impose effective settlements, results from the latter are restricted to 1 generation and do not take into account the fact that exchanged larvae have to live long enough to reproduce successfully in the home population. As a consequence, such studies are not comparable. Jollivet et al. (1999) indeed demonstrated that long-term dispersal is not a prerequisite to maintain high levels of gene flow at the ridge scale. However, an alternative to testing how larval dispersal affects population structures is to assess the dynamics over a spatial hierarchy, since population dynamics and in vitro larval development infer processes over a period of time which is limited to 1 generation. Despite a limited dataset, our preliminary results obtained from the 1996 samples tend to support the hypothesis of a lack of consequent long-distance transport of larvae. The populations at 13°N/EPR were composed of small and large individuals at both sampled vent sites. Although no modal analysis was performed, the presence of small individuals at the Genesis and Parigo sites suggested that a recent recruitment event occurred at each site and that a synchrony of the recruitment could be considered within a vent field at a scale of km. By contrast, the unique population studied at 9°50' N/EPR included only medium and large individuals. The absence of young recruits at this site seems to indicate a lack of synchrony of reproduction and recruitment between 9°50' N and 13°N vent sectors that suggest no massive exchanges of larvae at this spatial scale.
The size-frequency distributions of the 3 Riftia samples collected in 1997 at Riftia Field are clearly polymodal, which indicates a discontinuous recruitment as previously observed by Jollivet (1993) for the different species of vestimentiferan tubeworms of the EPR at 13°N (i.e. Riftia, Oasisia spp. and Tevnia jerichonana) and by Tunnicliffe (1991) for Ridgeia spp. From these data, one striking observation is that the shape of size histograms is greatly skewed towards small individuals suggesting that vestimentiferans undergo high mortality rates after settlement. This could be due to crab and fish predation and/or intra-and interspecific competition.
The modal decomposition of size-frequency histograms shows that each distribution is composed of a mixture of 6 or 7 Gaussian components assumed to represent successive cohorts. Different hypotheses may be formulated to explain differences in the number and the position of size groups between samples. First, it may result from a bias in the sampling due to either a possible selectivity of the arm of the submersible towards specific size classes or a spatial segregation of the sizes according to their position within a vent site, implying an absence of randomisation over the different size classes. Such a bias may be put forward for the largest modal groups (i.e. vestimentum width >16 mm) which consist of only few tubeworms. Conversely, as younger individuals are attached onto the tubes of older ones, it seems quite improbable that it could affect the smallest modal groups. Second, heterogeneity in the number of size groups may be related to the spatial variation in larval supply. However, according to our previous observations between the Genesis and Parigo vent sites, we can suppose that successive recruitment events should be synchronous at a spatial scale of about 10s of m within a site. Moreover, Kim & Mullineaux (1998) showed that near-bottom currents induced by tides could transport larvae up to 2 km along the EPR during a single tidal excursion in the same vent field at 9°50' N. Finally, from experiments of colonisation on artificial settlement panels, Mullineaux et al. (1998) observed at 9°50' N that the recruitment of the gastropod Lepetodrilus elevatus was spatially coherent at a scale of at least 1 km. Thus, it is unlikely that a sampling bias or differing larval supplies at micro-spatial scales induce the lack of 1 cohort for small-and middle-size classes (i.e. vestimentum width <16 mm) despite the aggregative distribution of Riftia within a site (Jollivet 1993) . However, for these organisms, the different modal components subsequently assigned to cohorts exhibit different characteristics (i.e. mean size, proportion) among samples.
Metabolism and ultimately the growth rate of Riftia are dependent upon biosynthesis by endosymbionts and should be closely related to the variability of environmental factors (Goffredi et al. 1997) . Along the vestimentum width axis, differences among samples, between the location of the successive modes for small and middle-size individuals, could result from variations of the growth rate in response to local variations of the physical and chemical environment (Johnson et al. 1986 (Johnson et al. , 1988 . From the analysis of population structure of the polychaetes Paralvinella pandorae and P. palmiformis, McHugh (1989) suggested that variation in size among populations from vent to vent on the northern Pacific ridges may partly reflect growth rate variability in response to local habitat variations. Using RNA:DNA ratio measurements on the vestimentiferan tubeworm Ridgeia piscesae, De Bevoise & Taghon (1988) observed a significant variation in the organism growth rate from individuals collected at 2 Juan de Fuca vent sites, which were separated by only 2 m but displayed very different environmental conditions. Finally, from in vivo laboratory experiments, Shillito et al. (1999) showed that the growth rate of the Riftia tube varied among individuals originating from different vent sites and could be affected by the chemical conditions of each site. In the present study, the influence of habitat characteristics on local variations of Riftia growth rates cannot be quantified due to the lack of data on environmental conditions for the 1996 and 1997 cruises.
Although the influence of small-scale spatial variations of environmental conditions on growth rate cannot be neglected, a second hypothesis may be proposed to explain the differences of the position of the successive size groups. As samples were collected over about 1 mo at a single vent site, modal differences between the 3 temporal samples could be attributable to the ageing of the different cohorts of the population. However, to be valid, this hypothesis implies that the modal size of each cohort increases between 2 successive samples. This is verified if we assume that the 1st component of the 3rd sample, namely from 19 December 1997 (i.e. Component 0 in Table 3 ) results from a massive recruitment event occurring between the 2 last samplings. In this case, the 1st component observed on 27 November and 7 December becomes the 2nd component on 19 December. According to this assumption, growth of the vestimentum width could be drawn for the 5 main cohorts (i.e. Components 1 to 5 in Table 3 ) over a period of 22 d (Fig. 6) For hydrothermal vent species, the lack of growth data is generally a main barrier to infer on the periodicity of recruitment events. In the present study, the distance between 2 successive size groups ranged between 1.51 and 3.75 mm in the sample from 27 November, between 1.76 and 2.21 mm in the sample from 7 December, and between 2.24 and 3.51 mm in the sample from 19 December (Table 3) . Although the different size groups displayed a nonequally spaced distribution which varied among samples, the spatial and temporal variability of growth rates invalidates any possible conclusion about periodicity in recruitment. However, these results suggest that successive recruitment events occurred at a high frequency, ranging from about 8 to 20 d. This short period could explain the apparent paradox between a discontinuous recruitment and the fact that there is no evidence of periodicity in the reproductive output (Tyler & Young 1999) . Alongridge flow reversals were reported at both 13°N and 9°50' N field for periods of weeks (Chevaldonné et al. 1997 , Kim & Mullineaux 1998 , Marsh et al. 2001 and may then be involved in the short-term variability of larval supply.
The proportions of the 1st cohorts varied greatly within and among samples. Such variations could be due to differing success in the recruitment of Riftia in response to variations of larval supply and juvenile mortality at small spatial scales. However, small individuals are the main component of Riftia populations, which is indicative of an active larval recruitment. By contrast, largest individuals (i.e. vestimentum width >15 mm), which are about 80 d old, constituted only a few percent of the total population. Thus, individual survivorship rate is probably very low as it was already shown among the vestimentiferans by Tunnicliffe et al. (1990) . During their 26 d experiment, these authors reported that about 44% of the observed Ridgeia spp. apparently died Fig. 6 . Riftia pachyptila. Growth curves corresponding to each of the 5 main cohorts shared by the 3 temporal samples of Riftia Field. Growth rates are estimated from the increase of vestimentum width of each Gaussian component mean over the 3 dates. Cohorts are numbered according to Table 3 because of predation and the physical instability of the environment. Assuming that our 3 samples from Riftia Field represent the temporal evolution of 1 population, our results suggest that Riftia displays a high individual growth rate and a high population turnover, which are characteristic of an opportunistic species.
Following dispersal of offspring, both the success of recruitment and the maintenance of adult populations will mostly depend on the ability of larvae to settle over new vents or on adult populations. Settlement is therefore critical and could be driven by the physical, chemical and biological conditions of the hydrothermal habitat. Concerning Riftia, several factors could induce larval settlement or ensure recruit survival. According to the physiological tolerance and the nutritional requirements of vent organisms, chemical characteristics of the habitat could play a significant role in determining the location of settlers. Thus, following the colonisation of new vents, Shank et al. (1998) reported that the presence of dense clumps of Riftia could be related to specific levels of hydrogen sulphide. Conversely, Mullineaux et al. (2000) argued that chemical preference is probably not a primary factor governing Riftia recruitment on experimental basalt blocks and suggested that Riftia settlement is facilitated by the occurrence of the tubeworm Tevnia jerichonana through a biological cue. According to the habitat selection hypothesis, 1 major result of our study is that most Riftia settlers seem to be located on the tubes of older conspecifics. While several Tevnia jerichonana were also collected in our samples, no Riftia settler has been observed on their tubes. Thus, if the presence of T. jerichonana facilitates the initial colonisation of new vent areas by Riftia, our results suggest that a physical or biological cue associated with Riftia adults or their tubes is also involved in the settlement. One likely explanation for the vestimentiferan succession is that both T. jerichonana and Riftia colonise the same locations as a result of different specific cues (e.g. vent chemistry, biological cues), then Tevnia dominates the assemblage as a result of an advantageous biological strategy and progressively disappears as a result of a spatial competition for food supply in which the ability to self-recruit may be crucial. From the numerous studies dedicated to the habitat selection in shallow-water marine invertebrates (see reviews Crisp 1974 , Butman 1987 , Pawlik 1992 , different biological cues may be proposed to favour Riftia settlement that include: (1) the nature and the texture of the tube; (2) the presence of natural biofilms; and (3) attractive substances associated with conspecific recruits and adults.
To conclude, the present data combined with previous observations allow us to identify some characteristics of Riftia population dynamics: (1) recruitment is discontinuous and synchronised within a vent site; (2) recruitment events may occur at a high frequency according to short-term variability of larval supply; (3) settlement may result from habitat selection; and (4) Riftia exhibits high growth and mortality rates suggesting a high population turnover.
